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ABSTRACT
Cover crops can protect soil health and increase climate resilience of the crop production
systems. However, few agronomic crop producers in the southern USA currently use
them. Constraints on producer use of cover crops in this region include, lack of
knowledge regarding the best cover crops for their locality and cropping system and
potential impacts on plant-available soil moisture along with concerns about the cost and
labor associated with cover cropping. The present research evaluated biomass production,
soil moisture retention, and water use efficiency of single species and multi-species fallwinter cover crops in South Carolina. Overall, a mixture of Austrian winter pea, rye,
crimson clover, hairy vetch, and oats and single species of rye were the best, single
species of crimson clover was the worst, and a mixture of crimson clover and rye, a
mixture of oats, wheat, crimson clover, radish, and turnip, and a mixture of oat and radish
were the intermediate type of cover crops based on the parameters evaluated in this study.
None of the cover crops depleted soil moisture greater than the fallow treatments: a
weed-free fallow maintained through herbicide application and a weedy fallow (no
herbicide application). Our results do not support the farmer concern, whether cover crop
water use reduces available soil moisture for the subsequent cash crop, more than what a
fallow does. Future studies are warranted to evaluate the effect of the single species and
multispecies (grass, legume, and/or brassica combinations) cover crops on soil health in
South Carolina.
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CHAPTER ONE
LITERATURE REVIEW
COVER CROPPING AS A SUSTAINABLE PRACTICE TO IMPROVE THE
PRODUCTIVITY AND CLIMATE RESILIENCE OF FARMING SYSTEMS
CLIMATE CHANGE
Majority of scientists agree that anthropogenic activities like land management
practices and burning fossil fuels are causing changes in the climate (The
Intergovernmental Panel on Climate Change (IPCC), 2007; Hansen et al., 2015). These
activities cause carbon losses, almost exclusively in carbon dioxide form, from the
terrestrial pool to the atmosphere (Toensmeier, 2016). Through a phenomenon called
greenhouse effect, carbon dioxide, along with methane and nitrous oxide trap the heat
energy of the sun which contribute to global warming (Takle et al., 2013). The IPCC
estimates that the planet will experience a temperature increase of 2ºC by 2100, but
pessimistic scenarios from other sources project a higher increase of 4 to 6 ºC by this
period (Takle et al., 2013; Toensmeier, 2016). Several studies reveal that extreme
climatic events such as longer agricultural drought, intense rainfall, or shifting seasons
that affect agricultural productivity are already the results of global warming (Takle et al.,
2013; Walthall et al., 2013; Toensmeier, 2016).
Climate change is also happening at the regional level, most U.S. southeastern
states are considered to have a humid climate, and the high variation in precipitation and
temperature is influenced by the Bermuda high (a semi-permanent high pressure located
in the Atlantic Ocean) (Ingram, 2013). However, in the last three decades, the region has
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experienced a wide range of extreme climatic events resulting in heavy economic losses
(Ingram et al., 2013; NOAA, 2019). With current trends, by the 2080s, climate models
forecast warmer summers and more frequent drought because of temperature increases
(Groisman and Knight, 2008; DNR, 2013). Therefore, the environment and agriculture of
the region will be negatively affected.
South Carolina is characterized by a moist and warm climate. Total annual
precipitation is plentiful (1219 mm) according to data recorded from 1895-2010, but the
distribution varies in terms of the area, season, and year, and often imposes a water stress
to crops. Winter is the wettest season with it accounting for 30 percent of the annual
precipitation. Temperature is mild and fluctuates across the state. Maximum and
minimum yearly temperature averages are 22° and 9°C, respectively, while mean annual
temperature is 16°C (DNR, 2013). Movement of the Bermuda high influences formation
of extreme climatic events like drought or flood that occasionally hit the state (DNR,
2013; website of the SC State climatology Office). However, compare to the last century,
South Carolina is experiencing climate change currently. Although gradual, surface
temperatures have increased by about 0.1ºC, and the sea level is rising to 3.81cm every
decade. Related changes are expected to continue. Therefore, climate models project
increased temperatures and altered rainfall patterns that will adversely affect agricultural
productivity (DNR, 2013; EPA, 2016).
EFFECT OF CLIMATE CHANGE ON AGRICULTURE
Agricultural productivity around the globe is already vulnerable and will continue
to be vulnerable to climate change (Lobell and Gourdji, 2012; Walthall et al., 2013;
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Toensmeier, 2016; Zhao et al., 2017). Changes such as increasing temperature, intense
rainfall, shifting seasons, recurrent extreme climatic events, and higher atmospheric
carbon dioxide concentrations will exacerbate weed, pest, and disease pressures that has
and will lower yields worldwide (Lobell and Gourdji, 2012; Lobell et al., 2013; Walthall
et al., 2013; Toensmeier, 2016). For example, using four different analytical methods to
assess the impact of increasing temperatures on global yields of four major crops, Zhao et
al. (2017) reported an average global yield reduction of wheat by 6.0%, rice by 3.2%,
maize by 7.4%, and soybean by 3.1% for every degree-Celsius increase, in the absence of
CO2 fertilization, effective adaptation, and genetic improvement. In the short term, with
global temperature increasing between 1 to 3°C, researchers expect very cold areas to
become suitable to crop production, and agriculture in the U.S. to remain resilient
(Walthall et al., 2013). However, beyond this temperature range a decline in U.S.
agriculture production will occur despite all the physiological mechanisms of crops to
respond to climate change (Lobell and Gourdji, 2012; Walthall et al., 2013). Due the
alarming threat that the climate change is posing on cropping systems all over the world,
only farming practices that sequester carbon and provide other ecological services to the
soil will sustain agricultural productivity (Toensmeier, 2016). Soil quality and ability to
support agronomic and environmental functions are influenced by the physical, chemical,
and biological properties of the soil and the management practices over time (Doran,
2002a; Brady and Weil, 2008). Magdoff (2001) indicated that high-quality soils conserve
soil moisture, encourage beneficial and diverse plant microorganisms’ community,
prevent soil erosion, have good structure, aeration, and nutrient exchange capacity, and a
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low weed, pests, and diseases pressures. These high-quality soils have an optimal soil
organic matter and they are resistant and resilient to degradation. Several essential
management practices may build or maintain soil health in a farming system. First,
conservation tillage that left residues to reduce soil and water loss; second, soil organic
matter addition (e.g., compost, animal and green manure); third, cut off on pesticides and
nutrients application; fourth, crop rotation, and lastly, cover cropping (Penn State
Extension, 2012).
SOUTH CAROLINA CROPPING SYSTEMS
With approximately 1.9 million cultivated hectares, 25.000 farms, and $41.7
billion annual wholesales market value, agriculture plays a crucial role in the economy
of South Carolina [South Carolina Department of Agriculture- USDA-NASS (SCUSDA-NASS, 2019)]. The warm and humid climate of South Carolina allows for a long
and intensive cropping season resulting in highly weathered and acidic soils, with low
organic matter content. The long agricultural exploitation of these soils has exacerbated
their poor physical and chemical conditions (Sojka et al., 1991; Reeves, 1994;
Franzluebbers, 2010; Reberg-Horton et al., 2012). Major row crops of the state include
corn, soybean, and wheat (Campbell et al., 1979; Reeves, 1994; Wallace et al., 1996; SCUSDA-NASS, 2019). Vegetables and fruits are grown wherever irrigation is available,
but the major acreage crops rotation in the Upstate are soybean, corn, and some grain
sorghum (SC-USDA-NASS, 2011; Urban Farmer, 2018). Peanut and cotton are
important crops in the coastal plains (Sojka et al., 1991; SC-USDA-NASS,
2011). Generally, growers practice a 2-yr rotation of corn and soybean with conventional
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tillage (Campbell et al., 1979; Sojka and Busscher, 1989; Reeves, 1994; Webster and
Nichols, 2012). To a certain extent, double-cropping soybean and small grains (CornSoybean-wheat) are also practiced with conventional tillage (Lewis and Philips, 1976;
Sojka and Busscher, 1989; Khalilian, 1990; Wallace et al., 1996). Continuous soybean,
corn, cotton, and sorghum are also practiced with conventional tillage (Campbell et al.,
1979; Sojka and Busscher, 1989; Sojka and Busscher, 1991; Reeves, 1994; Wallace et al.,
1996). Corn is planted mid-April for harvest in mid or late September. Sorghum is
planted later than corn but harvested around the same period. Soybean is planted in midJune and harvested early October. However, certain growers in the Coastal-sandy plains
and in the Upstate practice land subsoiling (Sojka et al., 1991; Reeves, 1994). Nutrient
management is done by application of commercial fertilizers, but certain farmers apply
chicken litter or manure (Causarano et al., 2006; Camberato, 2016). Farmers largely
practice herbicide application for weed control (Reeves, 1994; Wallace et al., 1996;
Clemson Cooperative Extension, 2016). Residues are incorporated, removed as hay and
through animal grazing, plowed- down, or chemically burned before planting the next
crop except in continuous cotton and soybean-small grain double-cropping systems
(Campbell et al., 1979; Campbell et al., 1984; Sojka and Busscher, 1989; Sojka et al.,
1991; Reeves, 1994). SC cropping system can be more effective if farmers include cover
cropping as a tool for nutrient management (Reeves, 1994; Dabney et al. 2001).
COVER CROPS
Traditionally, cover crops are defined as any plant species grown in the offcropping seasons with non-economic or feed purposes in order to control erosion,

5

improve soil structure, moisture and nutrients, suppress weeds, integrate pests and
diseases management, and thus, to increase the subsequent crop yield (Reeves, 1994;
Snapp et al., 2005; Fageria et al., 2005). Cover cropping is an old farming practice valued
among several ancient civilizations for their multiple ecological services and benefits in
the cropping system (Burket et al., 1997; Ingles, 1998; Fageria et al., 2005; Cherr et al.,
2006). Concerns about soil degradation, rise in agricultural input costs, rainfall
variability, sustainable food production and other environmental issues strengthen the
need for more conservation farming practices and that have prompted a renewed interest
in cover cropping as a sustainable whole-farm system approach to improve agricultural
productivity during these past decades (Sarrantonio and Gallandt, 2003; Fageria et al.,
2005; Kassam et al., 2009).
COVER CROPS USE IN THE U.S.
As a conservation practice, there is a consistent increase in acreage of cover crops
planted annually. The 2017 USDA Ag census reported use of cover crop on 15.4 million
acres (USDA, 2019). Furthermore, the USDA Natural Resource Conservation Service
points to 20 million acres of cover crops in the U.S. by 2020 (SARE, 2014). However,
there are differences in cover crop use between states. Eastern and southern states tend to
plant the highest whereas midwestern states to plant the lowest cover crop acreages
(Hamilton et al., 2017). Smith et al. (1987) mentioned that the southeastern U.S. is the
most beneficial and advantageous area to grow annual winter cover crops; the reason is
that the long cropping season in the southern U.S. is particularly conducive for winter
cover crops to be rotated with warm season cash crops in addition to the potential
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benefits of cover crops on soil health and climate resilience of cropping systems (Organic
Farming Research Foundation, 2016). In fact, in the 2015 survey of organic producers
(Organic Farming Research Foundation, 2016), 79% of respondents in the southern U.S.
cited soil health as a high research priority, while 42% cited impacts of climate change on
farming. The increasing interest toward cover crop use is also noticeable in South
Carolina (Wade et al., 2015; Hamilton et al., 2017). Zehnder (2015) reported that South
Carolina SARE Program farmer stakeholders have identified "cover cropping for weed
management" as the highest priority topic for research and training.
COVER CROP SELECTION AND MANAGEMENT
Cover crop selection and management depends entirely on the benefits that
farmers are seeking, the soil and local climatic conditions, the tillage system adopted, and
the subsequent cash crop growth requirements. A successful winter cover crop is
expected to germinate rapidly, establish a good ground cover with an extensive root
system, and be winter-hardy and responsive to termination methods in order to enhance
the immediate environment for the subsequent crop in the cropping system (Nelson et al.,
1991; Clark, 2012). However, introducing cover crops into a farming system can be
challenging to getting them established, but Sarrantonio and Gallandt (2003) have
designed five possible scenarios to help overcome this challenge. First, cover crops can
be introduced after harvesting the summer economic crop in regions with long and mild
fall period, because they will have enough time to grow and establish before the winter.
Second, in cold regions with a narrow fall period like the northern U.S., cover crops are
seeded in the standing cash crops so that they gain enough time to be established before
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the harsh winter conditions. Third, they can be introduced as a summer cover crop in the
southern U.S. where the summer is too hot for economic crops. Fourth, vineyard and
orchard growers introduce cover crops as living mulches to control erosion and attract
beneficial insects. Lastly, biennial and perennial cover crops are seeded on a portion of
land that growers set aside for a 2 year-fallow. Cereal rye, crimson clover, and radish are
very popular in the U.S. among farmers who plant cover crops for their rapid
establishment, winter-hardiness, and other benefits. Although not as good as the
aforementioned cover crops, wheat, oat, hairy vetch, and field peas are also commonly
used - as winter cover crop in the hardiness zones (Dabney et al. 2001; Clark, 2012;
SARE, 2016). Winter cover crops are generally planted in the growing zones from midfall, which corresponds with late-September to mid-October, until the spring planting
season to favor better establishment before a frost and obtain high biomass production in
the spring (Ingles, 1998; Snapp et al., 2005; Clark, 2012). Drilling, broadcasting and
aerial seeding are the three common methods to plant cover crops (Ingles, 1998; Clark,
2012; Myers, 2015). Many farmers prefer no-till drilling method for a better seed-to-soil
contact after the cash crop’s harvest, but others go with broadcasting to finish planting
faster or aerial seeding in the standing cash crop for larger biomass production in the
spring (Ingles, 1998; Dabney et al. 2001; NRCS-USDA, 2012; Myers, 2015). Planting
time influence the benefits gained from cover crops. Early planted (Mid-August-October
1) winter cover crops produce larger amount of biomass and accumulate greater nutrient
content (Dabney et al., 2001); however, Delgado et al. (1999) reported that cover crops
produced significant biomass, which helped control erosion, when cover crops are
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allowed to grow for a longer period during spring even if they were planted late. Cover
crops are terminated in spring before the cash crop planting by herbicides application,
mechanical methods (tillage, mowing or roller-crimping ), and by winter-harsh conditions
[for certain cover crops like oats and oilseed radish in colder hardiness zones (6-7)]
(Kladivko, 2011; Clark, 2012; Myers, 2015). The time and the method to terminate cover
crops are linked to the farmer’s targeted goals in the farming system. Herbicide control is
very effective; however, its success relies on the herbicide active ingredients, the cover
crop growth stage, and the weather conditions (Hill and Sprague, 2018).
COVER CROP TYPES
Legumes, grasses, and brassicas are the three plant-functional groups generally
used as cover crops species (Ingles, 1998; Clark, 2012). These species differ in their
growth habit above and below-ground. In monoculture, they exhibit characteristics
inherent to their functional group, but in mixtures they display complementarity to
improve the soil functions (Ingles, 1998, Tosti et al., 2014).
Legume functional group
Legume cover crop species are used primarily to fix nitrogen and increase soil
organic matter for the next crop(s) in the agricultural system. They have a low carbon-tonitrogen ratio resulting in a faster decomposition and release rate of captured nitrogen for
the next cash crop in addition to low residues in the farming system. In this group,
crimson clover, hairy vetch, and Austrian winter pea (field peas) are very popular as
winter-legume cover crops in the U.S. (Ingles, 1998; Clark, 2012).

9

Grass functional group
Cover crop species in this group grow rapidly, cover the soil with a large amount
of biomass to reduce erosion, and are cold tolerant. They are popular for their ability to
scavenge nutrients, especially nitrogen left by the previous crops, and weed suppression.
Their high carbon-to-nitrogen ratio results in slow residue decomposition and release of
nitrogen but increase in organic matter. Popular species in this group in the U.S. are
cereal rye, wheat, oats, ryegrass, and hardy triticale (Ingles, 1998; Clark, 2012).
Brassica functional group
The brassicas species are used for their biofumigation characteristics to suppress
weed, disease, and nematode pressures in the system. Their large taproots alleviate soil
compaction (Chen and Weil, 2010). They are intermediate between legumes and grasses
for carbon content and decomposition rate. Forage radish, turnip, and mustard are
commonly used as brassica cover crops in the U.S. (Ingles, 1998; Clark, 2012).
COVER CROP BENEFITS
Cover crops provide various direct (agronomic) and indirect (environmental)
benefits to the cropping systems as described below:
Nitrogen economy
Nitrogen, the primary nutrient to ensure growth and productivity, is very often the
deficient nutrient in plants (Havlin et al., 2014). Inclusion of legume and non-legume
cover crops can increase the soil nitrogen available to the next crops by reducing nitrate
leaching and fixing and improving nitrogen cycling that decrease the application of
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nitrogen fertilizers in the farming system (Sarrantonio and Gallandt, 2003; Bauer and
Roof, 2004).
Current farming practices supply large amount of nitrogen fertilizer to support crop
growth and production. However, a part of this nitrogen may runoff and become an
environmental concern (Matson et al., 1998; Scharf et al., 2006). Winter cover crops can
reduce the nitrate leaching potential, which often increase the nitrogen availability in the
subsequent cash crop (Owens, 1990; Meisinger et al., 1991; McCracken et al., 1994;
Fowler et al. 2004; Kladivko et al., 2004). Meisinger et al. (1991) stated that cover crops
can reduce the mass and the concentration of nitrate leaching from 20 to 80% when
compared to fallow control. In a 3-year field study to compare the nitrate leaching losses
under a winter-fallow and a cereal rye after sweet corn or broccoli harvest, Brandi-Dorhm
et al. (1997) found that nitrate leaching losses were 48 kg N ha−1 under sweet corn-winterfallow, 55 kg N ha−1 under broccoli-winter-fallow, and 103 kg N ha−1 under sweet cornwinter-fallow, whereas the leaching losses decreased to 32, 21, and 69 Kg N ha-1
respectively under winter cereal rye in the crops rotation. Furthermore, studies have
reported that grasses and brassicas as cover crops were two to three times more efficient
than legumes in reducing the loss of nitrate in the system (Meisinger et al., 1991; Rasse et
al., 2000; Weinert et al., 2002).
Winter-legume cover crops, through symbiotic associations with Rhizobium or
Bradyrhizobiumn bacteria in their nodules, can fix a significant amount of atmospheric
nitrogen to meet the nitrogen requirements of the subsequent summer crop depending on
the available soil nitrogen for optimal crop production (Smith et al.,1987; Frye et al., 1988;
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Brady and Weil, 2002; Griffin et al., 2000; Tonitto et al., 2006). The nitrogen fixed
biologically can reduce the needs in nitrogen fertilizers inputs. However, the rate of fixation
is conditioned by abiotic factors such as temperature, soil moisture, and pH (Frageria et al.,
2005; Li et al., 2015). Previous studies have reported higher yields and reduction in
nitrogen fertilizer inputs for summer crops following winter-legume cover crops (Smith et
al.,1987; Blevins et al., 1990; Kuo et al.,1996; Stivers-Young, 1998; Sainju et al.,2007;
Clark, 2012; Li et al., 2015). Cover crops improve nitrogen cycling by scavenging
significant amount of residual nitrogen and other nutrients from the soil, hold them into
their biomass, and release them upon decomposition, which can cut off nitrogen fertilizer
inputs and costs (Dinnes et al., 2002; Sainju and Sigh, 2008; Clark, 2012). Based on a study
on the adoption of cover crops and its effect on nitrogen use by farmers conducted in seven
states of the Midwest, Gabrielyan et al. (2010) concluded that inclusion of cover crops
reduces nitrogen application by 4.75% in a farming system.
Soil organic matter content increase
Bot and Benites (2005) defines soil organic matter as animal and plant residues that
go through further degradation process in the soil. Soil organic matter is a key indicator of
soil quality and health (Doran, 2002b), and its loss negatively affects the physical, chemical
and biological properties of the soil (Magdoff and van Es, 2000; Wilhem et al, 2010).
Increases in soil organic matter improve soil structure and aggregation, and positively
influence soil water infiltration water holding capacity, bulk density, aeration and
penetration resistance (Frageria et al., 2005; Hubbard et al., 2013). Cover cropping has the
potential to maintain or increase soil organic matter by supplying the system with
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decomposing plant residues (Kuo et al., 1997; Sainju et al., 2005). Cropping systems that
include cover crops were found to produce more organic matter than no cover cropping
systems. Blanco-Canqui et al. (2011)reported that the top 7.5 cm soil depth stored 30% and
20% greater soil organic carbon under sunn hemp and soybean cover crops, respectively,
compared to a no cover crop condition. Hubbard et al. (2013) found in a three-year
experiment in Georgia that cover crop biomass increased soil carbon from 0.3 to 4.7 mg g1

in the first 2.5 cm soil depth. Olson et al (2014) conducted a 12-year cover cropping study

in southern Illinois, and found that soil organic matter content increased significantly in
the root zone (0-75cm) of plots with cover crop treatments under different tillage systems
compared to plots without cover crops. However, frequency and type of cultivation, type
of residue management, soil type, tillage practices, and climate can influence soil organic
matter content (Schimel et al, 1994; Blanco-Canqui et Lal, 2007). Several studies
demonstrated that cover crops species improve soil aggregation and structure (Patrick et
al., 1957; Bronick and Lal, 2005; Kaspar and Singer, 2011). By increasing soil organic
matter content, cover crops can improve the growth of soil microorganisms, soil biological
activity, and nutrient cycling (Turco et al., 1994). Venkateswarlu et al. (2007) reported
increase of 28% of microbial biomass under a legume cover crop compared to a fallow in
their 10-year study in India. Ndiaye et al. (2000) and Schutter and Dick (2001) also found
that cover crops support greater microbial biomass and soil enzyme activity compared to
fallow controls. Furthermore, living cover crops and their mulches have been reported to
attract large soil fauna (fungi, ants, earthworm, and microarthropods) and other beneficial
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insects in the cropping system (Buggs and Ellis, 1990; Merlim et al., 2005; Reedler et al.,
2006).
Weed suppression
Cover crops are very effective to control weeds either by resources competition,
sunlight interception or through the release of allelopathic substances in the cropping
system (Dabney et al., 2001; Brennan and Smith 2005). Cover crop species have been
reported effective in the control of herbicide-resistant palmer amaranth (Amaranthus
palmeri S. Watson) (Wiggins et al., 2016). The degree of weed suppression varies
according to the cover crop species planted and the management practices (Ross et al.,
2001). Grass functional species like rye grow fast and that makes them competitive for
resources, which helps with weed control. Rye also produces allelopathic substances that
function as natural herbicides (Clark, 2012). Campiglia et al. (2010) found that oat, hairy
vetch, and their mixtures reduced the level of weeds present in a no-tillage tomato
production in Italy. However, cover crop ability to suppress weeds is not straightforward,
because an improperly managed system increases the possibilities for cover crops to
become weeds themselves.
Diseases and pest suppression
Cover crops can be used to manage pests and soil-borne pathogens in farming
systems (Ingles, 1998; Clark, 2012). Growing between main crops, cover crops disrupt the
pest and disease cycles, attract natural pest-control organisms, and release biofumigant
products that lower the population of pests and the incidence of diseases in the rotation
(Dabney et al. 2001; Sarrantonio and Gallandt, 2003; Frageria et al., 2005). For example,
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Slosser et al. (1999) reported that the number of predators that biologically control cotton
pests

[bollworms

(Helicoverpa

zea (Boddie)

and

cotton

aphids

(Aphis

gossypii Glover)] was higher in relay strips of hairy vetch, wheat, and canola cover crops
compared with insecticides-treated or untreated cotton plots in their 2-year study at the
Texas Agricultural Experiment Station research farms. Haramoto and Gallant (2005)
indicated that brassica species release glucosinolates that hydrolyze to form compounds
toxic to plants, fungi, nematodes, and certain insects. Clark (2012) reported that the
pathogenic pressure of noxious fungi (Rhizoctonia solani, Pythium myriotylum, Pythium
phanidermatum, and Pythium irregulare) that induce damping-off on cucumbers, snap
bean, and other vegetables and Sclerotium rolfsii, which causes rot in peanut and
vegetables, was significantly reduced in the South Georgia cover cropped no-till system
farms and research plots.
Improvement of subsequent crop yields
Cover crops can improve the subsequent crop’s yield in the system, since they
improve the soil physical and biological properties and increase nitrogen availability (Kuo
and Jellum, 2000; Passioura, 2002; Cherr et al., 2006). Reviewing 37 studies by metaanalytic methods on the effects of winter cover crops on corn yields in several regions of
the U.S. and Canada, Miguez and Bollero (2005) reported that corn yields were 21% higher
when grown after a winter cover crop than after a fallow. They also found that legume
cover crops increased corn yield by 37% without nitrogen fertilizer application, whereas a
grass cover crop had no effect on corn yields. However, cover crops can also reduce crop
yields by immobilizing nitrogen in the system, releasing allelopathic substances that limit
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the cash crop’s performance, or creating poor seed-soil contact with high amount of residue
production. Clark et al. (1994) found lower yield for corn when grown after a rye cover
crop than fallow, single vetch, and a mixture of vetch and rye. The authors suspected that
rye scavenged soil nitrogen, but did not release it in a timely manner for corn production.
Vyn et al. (2000) reported that rye, oilseed radish, and oat cover crops reduced corn yields
by immobilizing the available nitrogen, compared to no cover crop controls and legume
cover crops, in south central Ontario. In their 3-yr study on corn response to cover crop
management and spring tillage in southern Ontario, Raimbault et al. (1990) attributed to
the allelopathic effect of rye the 11% reduction of corn biomass yield.
Soil moisture conservation
Cover crop residues can limit evaporation and improve soil water infiltration and
soil water holding capacity. Grass cover crops produce large amount of biomass that make
them effective in conserving soil moisture (Smith et al., 1987; Reeves, 1994; Ingles, 1998;
Dabney et al., 2001; Clark, 2012). Generally, soil-surface crusts limit water infiltration, but
high-density cover crop species protect the soil surface and improve aggregate stability,
which in turn reduce the formation of crusts and facilitate water infiltration (Ingles, 1998).
Deep-rooted cover crops can create pores in the soil to increase water-holding capacity in
a long-term process (Ingles, 1998). Cover crops can, however, reduce soil water content
by using water for their own growth (Reeves, 1994). Meisinger et al. (1991) reported that
cover crops use approximately 136 kg of water to produce 0.45 kg of aboveground
biomass. This requirement may limit the subsequent crop yields.
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MULTI-SPECIES COVER CROPS
The choice of single species or mixtures of cover crops depends on the objectives
or the specific niches that growers want to shape in the farming systems (Snapp et al,
2005; Clark, 2012). Generally, cover crop benefits are specific to the species or the
functional groups and the management practice. For example, cover crops belonging to
grass functional group can produce large amount of biomass that adds organic matter to
the soil, suppress weeds, scavenge nitrogen, and reduce nitrate (NO3) leaching and
erosion in the system (Meisinger et al., 1991; Clark, 2012). Cover crops belonging to
legume functional group fix atmospheric nitrogen and attract beneficial insects (Smith et
al., 1987; Biederbeck et al., 1996; Clark, 2012). Cover crops belonging to ‘brassica’
functional group can alleviate soil compaction, catch nutrients, and prevent erosion.
Certain brassica species have biofumigation properties that help to control soil born pests
and suppress weeds (Clark, 2012). Growing cover crop mixtures synergizes all the above
benefits (Ingles, 1998; Clark, 2012; Tosti et al., 2014). They use resources more
efficiently and bring greater diversity to the system than single species cover crops
(Zhang et al., 2007; Wortman et al., 2012). For example, Chu et al. (2017) found
increased soil moisture content and soybean yield for multispecies cover crop mixtures
compared to no cover crop control or to single cover crop species in a field experiment
study on the effect of cover crop multispecies on soil properties and crop yield conducted
at the University of Tennessee’s Research and Education Center in Milan. In another
study, Finney et al. (2016) demonstrated that multispecies cover crop treatments
increased weed suppression, reduced nitrate leaching but affect negatively corn yield in a
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2-year field study comparing 18 cover crop treatments before planting a conventional
tilled corn in Central Pennsylvania. In short, increased cover crop species richness can
enhance agroecosystem services or multifunctionality but not all services are positively
correlated (Smith et al., 2014; Finney et al., 2016; Finney and Kaye, 2017).

CONSTRAINTS FOR COVER CROP ADOPTION BY FARMERS
Certain farmers perceive introducing a cover crop as an additional increase in
labor and financial outlay to the system (Reeves, 1994; Dabney et al. 2001; Snapp et al.
2005). Ingles (1998) and Clack (2012) reported that economic considerations such as cost
of seeds and labor for management are major constraints for farmer adoption of cover
cropping. If not chosen properly, cover crops may increase the nitrogen fertilizer
requirements by immobilizing nitrogen in the cover crop tissues during decomposition
(Thorup-Kristensen et al., 2003; Snapp et al., 2005). Some studies have reported reduced
yields of cash crops when planted after a cover crop. For example, rye, a popular cover
crop in northern and southern U.S., reduced the yield of the subsequent cash crops
possibly by nitrogen immobilization, soil moisture reduction, and allelopathic effects in
the cropping system (Reeves, 1994; Burket et al., 1997; Stivers-Young and Tucker, 1999;
Raimbault et al., 1990; Dabney et al. 2001). Also, if not chosen properly, cover crops
may increase pest and disease pressure by serving as an alternate host to a pest, disease,
or nematode (Sustainable Agriculture network, 1998). Cover crops may compete with
subsequent cash crops like weeds if not managed properly. For example, if cover crops
are allowed to produce seeds, they may potentially become weeds in the subsequent
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rotations (Clark, 2012; Thorup-Kristensen et al. 2003; Snapp et al., 2005). Cover crops
may deplete soil moisture and reduce yields of the subsequent crop by delaying soil
freezing and shallowing depth of the frozen soil layer (Kahimba et al., 2008). Winter
Cover crops also deplete soil moisture when allowed to grow late into the spring or in
regions with low precipitation (Unger and Vigil, 1998; Clark, 2012). For Example, Abel
(2013) reported that winter cover crop species plots terminated lately are much likely to
negatively affect sorghum growth and yield because of less soil moisture content
recorded than in fallow plots at sorghum planting. All these necessitate region specific
studies on cover crops for evaluating their benefits and risks.
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CHAPTER TWO
COVER CROP BIOMASS PRODUCTION AND EFFECTS ON SOIL MOISTURE
IN SOUTHEN USA

Introduction
Most agricultural soils in the southern USA have low soil organic matter and
limited moisture and nutrient holding capacity (Jenny, 1930; Causarano et al., 2006).
Excessive tillage, inadequate crop rotations, crop residue removal, overgrazing, and
increasingly extreme weather events have further degraded soil health in this region.
Cover crops, if chosen properly, can protect soil health, improve soil moisture holding
capacity, and reduce the need for herbicides or cultivation for weed control (Unger and
Vigil, 1998; Snapp et al., 2005; Petrosino et al., 2015). In a 2015 survey of organic
producers (Organic Farming Research Foundation, 2016), 79% of respondents in the
southern USA cited soil health as a high research priority, while 42% cited impacts of
climate change on farming. Cover cropping is a sustainable soil health management
practice that can enhance the resilience of production systems to extreme weather (Wick
et al., 2017; USDA, 2018). Annual nationwide surveys conducted recently by the
Sustainable Agriculture Research and Education (SARE), document increasing farmer
interest in cover cropping (SARE, 2012-2016). The long cropping season in the southern
USA is particularly conducive for winter cover crops to be rotated with warm season cash
crops. However, few agronomic crop producers in the southern USA have included cover
crops as part of their cropping systems because of several concerns including lack of
knowledge regarding the most suitable cover crops for their locality and cropping system,
concerns about the labor and cost associated with planting and managing cover crops, and
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potential impacts on plant-available soil moisture and nutrients, and cash crop
productivity (SARE, 2016).
Most agronomic crop producers in the southern USA (those who do not practice
double cropping) use a fallow period in the fall-spring, which may increase evaporation,
runoff, and soil erosion and deteriorate soil health by adversely affecting soil organic
matter content and microbial activity (Biederbeck et al., 1984; Mikha et al., 2006;
Steenwerth et al., 2002; Biederbeck et al., 2005). Keeping land in fallow is often
perceived as a water storage strategy for the subsequent crop simply because there are no
plants to take up water. However, the amount of soil water stored during fallow depends
on many factors, including the amount of residue on the soil surface, soil type,
precipitation patterns, and weed growth (Stone, 2013). A recent study conducted on
summer cover crops in the Great Plains region of the USA found that soil under fallow
lost up to 7.9 cm less water than under cover crops during the cover crop growth period,
but captured up to 3.4 cm less water in the following spring due to lack of residues on the
soil surface (Kuykendall, 2015). Earlier studies in the coastal South Carolina found that
soil water content at 0-60 cm or 0-37 cm were lower for corn (Zea mays L.) and soybean
[Glycine max (L.) Merr.], respectively, during the early season growth, when the crop
was planted after a rye cover crop than after a fallow (Campbell et al., 1984a,b). A study
conducted in coastal North Carolina found that crimson clover depleted soil water at 0-60
cm depth by 28 to 55%, compared with fallow treatments, before corn planting (Ewing et
al., 1991). In contrast, a recent study in the coastal South Carolina found that a rye
(Secale cereale L.) cover crop can enhance crop-available moisture and rooting depth
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along with reducing compaction and improving yield in cotton (Gossypium hirsutum. L.)
(Marshall et al., 2016). No studies have been conducted in the upstate of South Carolina,
which has a very different soil type (significantly higher clay content) than the southern
coastal plain (primarily sandy soils), to test the effect of cover crops on stored soil water.
Thus, the farmer concern of cover crop water use that could potentially reduce available
soil water for the subsequent cash crop (Wortman et al., 2012) remains relevant.
Even though the specific reasons for growing cover crops vary among locations,
cover crops will be beneficial to the agroecosystems mostly if they produce sufficient
biomass. Several studies in the country have evaluated cover crops as single species or
mixtures for biomass production (Briggs and Shantz, 1917; Robinson, 1960; Dunavin,
1987; Droushiotis, 1989; Carr et al., 1998, 2004; Treadwell et al., 2010; Clark, 2008;
Daigh et al., 2014; Nielsen et al., 2015a,b). Some of those studies related the biomass
production with water use, and evaluated water use efficiency (WUE) of cover crops
(Briggs and Shantz, 1917; Daigh et al., 2014; Nielsen et al., 2015a,b). Most cover crop
studies, including those mentioned above have been conducted on the semiarid dryland
regions of the USA, primarily, the Midwest. Recent surveys in the southern USA
demonstrate that cover cropping is gaining interest among farmers in this humid or
subhumid region; the primary reasons are the suitability of the long cropping seasons for
winter cover crops, relatively more conducive weather (as compared to semiarid regions)
for increased biomass production, and potential benefits of cover crops on soil health and
climate resilience of cropping systems (Organic Farming Research Foundation, 2016).
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The objectives of this study were to evaluate seven cover crops for biomass
production and WUE and compare the soil moisture content under cover crop treatments
with that under a fallow treatment. The cover crops evaluated in this study were fallwinter cover crops (single species or mixtures) that are commonly available in the
southern USA.
MATERIALS AND METHODS
Field trials were conducted during the 2016-2017 fall-winter (season-1) and 2018
winter (season-2) seasons at the Milam farm in Sandy Springs, SC (34.601593°N, 82.743515°W, 240 m above sea level). The soil type at the study site is a Madison sandy
loam (Fine, kaolinitic, thermic typic Kanhapludults). Soybean was grown on the study
site in both 2014 and 2015 summer seasons. Land preparation in season-1 included a
deep-tillage with a subsoiler (Model # VTJ677, Lubbock manufacturing company,
Lubbock, Texas) 17 days before cover crop planting and harrowing with a 10-feet wide
Taylor-Way disk harrow (Model # 351, Taylor Pittsburgh Manufacturing INC, Athens,
TN) 14 days before cover crop planting. No tillage operations were conducted before
cover crop planting in season-2. As a pre-planting operation, the study site was sprayed
with a broadleaf herbicide, 2,4-D (2,4-Dichlorophenoxyacetic acid) at 1.17 L ha-1 and a
broad-spectrum herbicide, glyphosate [N-(phosphonomethyl) glycine] at 2.34 L ha-1. Soil
tests were conducted before planting in each season, and based on the results, the study
site was not deficient in any nutrients in 2016, but was deficient in phosphorus in 2018.
However, phosphorous was not supplemented in 2018 because we wanted to grow cover
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crops under no-fertilizer conditions, which is the common practice that farmers follow in
our region. The soil pH was 6.4 and 6.6 in 2016 and 2018, respectively.
Seven cover crop treatments, including grasses, legumes, and brassicas as single
species or in mixtures (Table 2.1) were planted with a Tye brand no-till drill seeder
(Model 104-4474, The Tye Company Lockney, Texas) on 08 Nov. 2016 in season-1 and
26 Jan. 2018 in season-2. Planting was delayed in season-2 due to unavailability of the
planting machinery and freezing temperatures. We selected the above cover crop species
for this study as they are under current use in South Carolina and/or southern USA. The
two-species mixtures were combinations of the functional groups, grass and brassica (oat
and radish), legume and brassica (crimson clover and turnip), and legume and grass
(crimson clover and rye). The mixture of five-a (a combination of legumes and grasses) is
a five-species mixture marketed by Adams-Briscoe seed company
(http://03c08bf.netsolhost.com/AbseedWordpress/wp-content/uploads/2017/01/A-BSeed-Price-List-website.pdf), a popular seed vendor in South Carolina. The mixture of
five-b (a combination of brassicas, grasses, and a legume) is a cover crop mixture
identified as a ‘soil health building cover crop mix’ by the USDA NRCS (2015). Two
control treatments were included in the study, which were fallow with herbicide
application (control-1) and fallow without herbicide application (control-2). Weeds were
controlled in ‘control-1’ plots, whenever necessary through the application of herbicides,
2,4-D (1.17 L ha-1) and glyphosate (2.34 L ha-1) [at 85 and 146 days after planting (DAP)
in season-1 and at 85 DAP in season-2]. The experiment was laid out with a randomized
complete block design (RCBD) with five replications. Each of the seven cover crop

41

treatments and two control treatments were applied to plots of 6.1 m by 6.1 m.
Treatments were randomly assigned to experimental units (plots) within each of the five
blocks. A 1-m alley separated the individual plots and a 2-m alley separated the blocks.
Single species cover crops were planted at the seeding rates provided by Clark et al.
(2008). The seeding rate of individual species in the mixtures were determined using the
formula, ‘seeding rate of the species when used as a monoculture divided by the number
of species in the mixture’ (Wortman et al., 2012). More details on seeding rates and
fractional compositions of mixtures are provided in Table 2.1. Row length was 6.1 m and
row spacing was 0.17 m in all cover crop plots. Cover crops were maintained under rainfed conditions without providing any irrigation in both seasons.
Plant population in each plot was estimated at 44 and 64 DAP in season-1 and at
52 and 62 DAP in season-2. In season-1, three rows were selected randomly, and the
number of cover crop plants in each row was counted and averaged to estimate average
number of plants per row (Elzinga et al., 1998; Nielsen et al., 2015a). Plant population
was estimated as the ratio between number of plants per row and the area occupied by the
row (product of row length and row spacing). In season-2, the plant population was
measured using a quadrat method (Weaver, 1918; Cox, 1995). Briefly, a quadrat frame
with an internal area of 0.5 m2 was placed randomly at three different locations in each
plot, number of cover crop plants within the quadrat was counted in each case, and
averaged to get the average number of plants per 0.5 m2 area in that plot. This number
was doubled to express plant population as number of plants per m2. When placing the
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quadrat frame, one meter from the edge was avoided on each side of the plots in order to
avoid any edge effects.
Aboveground cover crop biomass was measured at 83, 111, 137, and 162 DAP in
season-1 and at 63, 97, 105, and 130 DAP in season-2. In both seasons, a quadrat frame
with an internal area of 0.5 m2 was placed randomly in each plot and all cover crop plants
within the quadrat were hand-harvested by cutting at the base (ground level). When
placing the quadrat frame, one meter from the edge was avoided on each side of the plots
in order to avoid any edge effects. Biomass samples were dried to constant weight at
55ºC to determine dry weight (Dabney et al., 2001).
Soil moisture content was measured at 74, 83, 97, 111, 130, 137, 162, and 267
DAP in season-1 and at 39, 63, 76, 96, 105, 130, and 167 DAP in season-2. The last
measurement in each season was done ~ 1 month after the termination of cover crops.
Measurements were taken at six different depths (10, 20, 30, 40, 60, and 100 cm) using a
PR2 capacitance probe (PR2/6, Delta-T Devices Ltd., Cambridge, UK). The PR2 probe
consists of a sealed polycarbonate rod (25 mm in diameter) with electronic sensors
arranged at fixed intervals along its length. The PR2 probe detects soil moisture by
responding to the permittivity (ε) of the damp soil, or more specifically the refractive
index of the damp soil, which is equivalent to √ε. The √ε values of damp soil were
converted to soil moisture content (m3 m-3) by using the default equation and parameters
provided by the manufacturer for mineral soils (Delta-T, 2019). When taking a reading,
the probe was inserted into an access tube, which are specially constructed thin-wall
fiberglass tubes supplied by the manufacturer (Delta-T Devices Ltd), which maximize the

43

penetration of the electromagnetic field into the surrounding soil. An access tube was
installed at the center of each plot. The total stored soil moisture (m) to a depth of 1 m in
each plot was estimated by a weighted sum method using individual soil moisture content
values at 10, 20, 30, 40, 60, and 100 cm depths and the respective depth intervals (0.1,
0.1, 0.1, 0.1, 0.2, and 0.4 m, respectively) [total stored soil moisture (m) to a depth of 1 m
= 0.1 (sum of individual soil moisture content values at 10, 20, 30, and 40 cm depths) +
0.2 (soil moisture content value at 60 cm depth) + 0.4 (soil moisture content value at 100
cm depth)] (Narayanan et al., 2013).
Cover crop water use (evapotranspiration) in each plot between two specific
sampling dates was determined as the difference between the total stored soil moisture
values (in 1 m depth) at the two sampling dates plus precipitation during that time
interval. Precipitation data were obtained from the South Carolina State Climatology
Office, a division within the South Carolina Department of Natural Resources. Water use
(evapotranspiration) in the control plots were also determined using the same method.
Runoff and deep percolation were assumed to be negligible, as the slopes in the plot areas
were <1% and we never visually observed runoff in any plot areas after a heavy rain
(Narayanan et al., 2013; Nielsen et al., 2015a; R. St Aime, S. Narayanan, and J. Payero,
personal communication, 2018). However, if at all any runoff and/or deep percolation
happened in plots, the water use values included that. Cover crop WUE on any specific
sampling date was estimated as the ratio between biomass produced on that date and
cumulative water use until then (biomass and cumulative water use, relative to the initial
value at 83 DAP in season-1 and 63 DAP in season-2).
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All cover crops were terminated by herbicide application (2,4-D at 1.17 L ha-1 and
glyphosate at 2.34 L ha-1) at 230 DAP (26 June 2017) in season-1 and 132 DAP (06 June
2018) in season-2. Termination was delayed in season-1 due to unavailability of
machinery for herbicide spraying and wet soil conditions. Eleven days after termination,
cover crop stubbles were chopped by a rotary mower (Bush hog 3210, 3 m heavy duty
cutter, Bush hog, Selma, AL), and 31 days after termination, soybean was planted in
season-1. No cash crop was planted after cover crop termination in season-2.
Statistical analysis
Analysis of variance for plant population, cover crop biomass, soil moisture
content, and cover crop WUE was performed with GLIMMIX procedure in SAS
(Version 9.4, SAS Institute). Treatment (seven cover crops and two controls) and soil
depth were considered as fixed effects and replication was considered as a random effect
in the analysis. Statistically significant differences in plant population, cover crop
biomass, soil moisture content, and cover crop WUE were determined by the least
significant differences (LSD) test. The probability threshold level (α) was 0.05.
RESULTS
Environmental Conditions
The cover crop season spanned between 8 Nov. 2016 and 2 Aug. 2017 (267 d) in
season-1 and 26 Jan. 2018 and 11 July 2018 (166 days) in season-2. Figures 2.1 and 2.2
show air temperature and precipitation data, respectively, from planting of cover crops
through the last day of soil moisture content measurement [2 Aug. 2017 (267 DAP) in
season-1 and 11 July 2018 (166 DAP) in season-2]. Total precipitation was 95.6 cm
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during the 267 d- long sampling period in season-1 and 74.7 cm during the 166 d- long
sampling period in season-2 (Fig. 2.2).
Cover Crop Plant Populations
Plant populations were the greatest for rye and mixture of five-a, intermediate for
the mixture of rye and crimson clover and mixture of five-b, and lowest for crimson
clover, mixture of crimson clover and turnip, and mixture of oat and radish on both
measurement dates in both seasons, except that rye only had intermediate plant
populations on both measurement dates in season-2 (Fig. 2.3). Even though mixture of
five-a included five different species, it was dominated by rye in both seasons based on
visual observation.
Cover Crop Biomass Production
Biomass production significantly varied among cover crop treatments on all
measurement dates in both seasons (Table 2.2). Mixture of five-a produced the highest
amount of biomass on all measurement dates in both seasons, whereas crimson clover
produced the least (Fig. 2.4). Rye produced the same amount of biomass as mixture of
five-a on all measurement dates, whereas, the mixture of rye and crimson clover
produced the same amount of biomass as mixture of five-a on all measurement dates
except 111 DAP in season-1. The mixture of crimson clover and turnip, mixture of fiveb, and mixture of oat and radish produced either intermediate or low amount of biomass
in season-1. The mixture of crimson clover and turnip was ranked as the lowest biomass
producer along with single species of crimson clover on all measurement dates except 62

46

DAP in season-2. Rye, mixture of five-b, mixture of oat and radish, and mixture of rye
and crimson clover produced intermediate amounts of biomass in season-2.
Biomass production of cover crops was generally lower in season-1 than in
season-2. This might be because the study area, Sandy spring, SC, was hit hard by a
severe drought in 2015, and did not recover completely even during the 2016-2017 cover
crop growing period (season-1). In addition, poor/no rainfall immediately after planting
delayed emergence and resulted in poor stand establishment and vegetative growth in
season-1.
Soil Moisture Content
Soil moisture content was measured at six different depths (10, 20, 30, 40, 60, and
100 cm) in all plots of the seven different cover crop treatments and two control
treatments (Fallow with herbicide application and without herbicide application). The
interaction effect of treatment and the depth at which soil moisture content was measured
was not significant on soil moisture content on any measurement dates in both seasons
(Table 2.2). Similarly, the main effect of treatment was also not significant on soil
moisture content on any measurement dates in both seasons except 267 DAP in season-1
(37 d after cover crop termination) and 38 DAP in season-2 (Table 2.2). Since the
treatment-by-depth interaction was not significant on soil moisture content, total stored
soil moisture in 1 m depth was estimated (see materials and methods for details) for each
of the seven cover crop treatments and two fallow control treatments on multiple
measurement dates in season-1 and 2, and are presented in Fig. 5. These data show that
soil moisture content under cover crop treatments were either equal or greater, compared
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to that under fallow treatments. The same result was found after cover crop termination
[267 DAP in season-1 (37 d after termination) and 166 DAP in season-2 (35 d after
termination)]. Also, soil moisture content did not generally differ among the seven
different cover crop treatments (Fig. 2.5).

Cover Crop Water Use Efficiency
Cover crop treatments significantly differed in terms of WUE on all measurement
dates, except 95 DAP in season-2 (Table 2.2). Mixture of five-a had the highest or one of
the highest WUE values on all measurement dates in both seasons (Fig. 2.6). Similarly,
crimson clover had the lowest or one of the lowest WUE values on all measurement dates
in both seasons (Fig. 2.6). Rye, which was another top biomass producer in season-1, had
similar WUE values as compared to mixture of five-a on all measurement dates in that
year and on all measurement dates except 95 DAP in season-2. The mixture of rye and
crimson clover was ranked one among the highest in terms of WUE values in season-1,
whereas, it only had intermediate values for WUE in season-2. The mixture of five-b and
mixture of oat and radish generally had intermediate values for WUE in both seasons.
Water use efficiency values of cover crops at 130 DAP were generally lower than
that at 96 and 105 DAP in season-2. This might be because all cover crop species reached
mid-late part of the reproductive cycle, and some of them (radish, crimson clover, wheat,
and rye) even started showing senescence of leaves by 130 DAP in that season. Thus,
vegetative biomass either remained the same or declined between 105 and 130 DAP in
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season-2. The continued water use during this period [inferred from the lower soil
moisture contents at 130 DAP, compared to 105 DAP (Fig. 5)] might have been
employed for reproductive growth rather than vegetative growth. Taken together,
increased water use without adding more dry matter might have resulted in lower WUE
values on 130 DAP in season-2.

DISCUSSION
This study evaluated seven different cover crops including single species and
mixtures that are commonly available in the southern USA for biomass production and
WUE, and also compared soil moisture content under cover crop treatments with that
under a fallow treatment. Results of this multi-year trial (2016-2017 as season-1 and 2018
as season-2) demonstrated that the mixture of Austrian winter pea, rye, crimson clover,
hairy vetch, and oats (mixture of five-a) produced the highest amount of biomass and the
single species of crimson clover produced the lowest amount of biomass, among the
seven cover crops treatments tested (Fig. 2.4). In South Carolina and many other parts of
the southern USA, rye is a popular cover crop due to its high biomass production
potential. It is interesting to note that the mixture of five-a produced the same amount of
biomass (even higher, numerically) as rye in season-1 [In season-2, rye produced lower
biomass than mixture of five-a, but that might be due to the poor quality seed lot of rye in
that season (inert matter and broken seeds in the seed bag and poor seedling vigor than in
season-1)]. It has been reported in previous literature that cover crop mixtures can
improve organic matter production, optimize carbon-to-nitrogen ratio, suppress weeds,
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attract beneficial insects and deter pests with greater efficiency than singly species cover
crops (Treadwell et al., 2010) although other studies found that the aforementioned
services can also be undermined by certain cover crop mixtures ( Smith et al., 2014;
Finney et al., 2016) . As the mixture of five-a that produced the highest amount of
biomass in the present study involves a combination of legume and grass functional
groups, it is interesting to further evaluate whether it can improve soil health more
efficiently than single species of rye in South Carolina. Future studies should also
evaluate whether the higher biomass production and any soil health benefits associated
with this mixture outweigh the additional planning, labor, and cost associated with
dealing with the mixture.
Cover crop studies from different parts of the country have reported contrasting
results in terms of biomass production of mixtures in comparison with that of single
species (Robinson, 1960; Dunavin, 1987; Droushiotis, 1989; Carr et al., 1998, 2004;
Clark, 2008; Nielsen et al., 2015a). Some studies found that cover crop mixtures will
improve biomass production compared with single species, while others found no
differences or reduced biomass production of mixtures compared with that of single
species. Robinson (1960) found that a mixture of oat and pea (Pisum sativum L. subsp.
sativum) produced more forage yield than single species of oat in sandy soils, but the
mixture produced less forage yield than oat on heavier soils in southern Minnesota.
Dunavin (1987) reported that a mixture of turnip–Chinese cabbage hybrid [Brassica
campestris var. rapa L. X B. pekinensis (Lour.) Rupr.], ryegrass (Lolium multiflorum
Lam.) and crimson clover (Trifolium incarnatum L.), mixture of rape (B. napus L.),
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ryegrass, and crimson clover, mixture of rye, ryegrass, and crimson clover, and mixture
of ryegrass and crimson clover produced more dry matter than any of the species grown
as monocultures, except ryegrass (interestingly, all mixtures included ryegrass) in
Florida. Carr et al. (2004) found that mixture of oat and pea and mixture of barley
(Hordeum vulgare L.) and pea produced greater dry matter than monocultures of oat and
barley in southwestern North Dakota under low soil nitrogen condition. However, the dry
matter productions of both mixtures were lower than that of a monoculture of pea. In an
earlier study with barley, oat, and pea in the same location, the same authors found that
the dry matter yield of barley-pea and oat-pea mixtures will be reduced if the cereal
component is seeded at half the single-species rate, and they concluded that the cereal
component of a cereal-pea mixture contributes more to dry matter yield than the pea
component (Carr et al., 1998). Lenssen et al. (2010) found similar dry matter production
for barley and barley-pea mixtures in a five-year study in Montana. Nielsen et al. (2015a)
compared the biomass production of single-species plantings of flax (Linum
usitatissimum L.), oat, pea (Pisum sativum ssp. arvense L. Poir), and rapeseed (Brassica
napus L.) with that of a ten species mixture containing all those four species in a twoyear study conducted in Colorado and Nebraska. They found that the mixture did not
produce greater biomass than the single-species plantings. These reports indicate that any
advantage of increased biomass production by cover crop mixtures, compared to
monocultures depend upon many factors such as location, species, soil type, and soil
nutrient and moisture conditions. The results from the present research show the yield
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advantage (in terms of biomass) of the mixture of five-a in the upstate of South Carolina,
and further research is needed to verify this results in other regions.
Even though the conventional approach considers cover crops as crops that are
not taken for a profitable purpose (Lal et al., 1991), the use of cover crops for animal feed
or some other purpose can cause a direct profitability from growing them (Franzluebbers
and Stuedemann, 2008). For that benefit to occur, the cover crops should produce
sufficient biomass so that even after a portion was taken off as forage or through grazing,
still there will be enough ground cover to provide adequate erosion control and other soil
health benefits (Nielsen et al., 2015a). The amount of biomass a cover crop should
produce to meet all these demands depends on many factors such as soil type, soil
organic matter content, and weather (Wilhelm et al., 2004; Andrews, 2006). In the
present study, biomass production of different cover crops ranged between 135 g m-2
(1350 kg ha-1) and 632 g m-2 (6320 kg ha-1) in season-1 and 216 g m-2 (2160 kg ha-1) and
709 g m-2 (7090 kg ha-1) in season-2. According to earlier literature (Fryrear, 1985;
Williams et al., 1997), this seems adequate for allowing some biomass removal and still
maintaining enough ground cover for erosion control. This suggests the suitability of the
seven cover crops tested in the present research for the upstate of South Carolina.
The present study evaluated the effect of cover cropping on soil moisture content
at various growth stages of cover crops and also after their termination. The results
showed that soil moisture content under cover crop treatments were either equal or
greater, compared to that under a fallow throughout the cover crop season and after cover
crop termination (Fig. 2.5). This suggests that none of the cover crops evaluated in this
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study depletes soil water that may cause water stress to the following cash crop any more,
than does keeping land in fallow. Our results do not support the farmer concern, whether
cover crop water use reduces available soil water for the subsequent cash crop. This
encourages inclusion of cover crops in the cropping systems for maintaining
sustainability of crop production in humid subtropical regions such as South Carolina.
Contrasting results have also been reported regarding cover crop water use in other parts
of the country. For example, Nielsen et al. (2015b) reported that cover crop (rapeseed,
flax, oat, pea, and a 10 species mixture) water use was greater than the water lost due to
evaporation from a no-till fallow with proso millet (Panicum miliaceum L.) residue in the
semi-arid central Great Plains of the USA. Taken together, the cover crop effect on soil
moisture depletion will largely be influenced by climate and soil conditions prevalent in
the region and type of species used, and results may not be directly transferrable from one
region to another.
The equal or greater soil moisture content under cover crop treatments compared
to fallow in the present research might be a result of many factors. The evaporative loss
of water from a bare soil surface might be significantly greater than that from a cover
cropped land, and might have surpassed the cover crop water use (Jasa, 2011). Russel
(1939) reported that wheat residues (4483 kg ha-1) reduced evaporation as much as 55%,
compared with bare soil. This refers to the importance of having enough cover crop
biomass during the cover crop growing season and enough residue after their termination
to cover the ground effectively that could potentially suppress evaporation. The biomass
production by the different cover crops in this study seem to be sufficient for this
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purpose, as none of them depleted soil moisture more than did a fallow. In addition,
possible improvements in soil physical properties due to cover crops might have
increased infiltration and soil water retention (Blanco-Canqui et al., 2011, 2013). This
effect would likely be increased over multiple seasons of cover cropping as organic
matter is increased.
In the present study, soil moisture content did not differ between single species
cover crops and mixtures (Table 2.2, Fig. 2.5). This indicates that the increased biomass
production by mixture of five-a was not at the expense of increased water use. Earlier
studies in different parts of the country comparing water use of single species and multispecies cover crops have found contrasting results. For example, Nielsen et al. (2015b)
found that cover crop mixtures will use similar amount of water as single-species
plantings in the semi-arid central Great Plains. On the other hand, Berns and Berns
(2009) found that 9 and 16 species cover crop mixtures used less water compared to
single species plantings of sunflower (Helianthus annuus L.) and soybean (Glycine max
L. Merr.) in south central Nebraska. Thus, our results, along with that of others, indicate
the importance of region-specific research on cover crops.
Generally, the ranking of cover crops in terms of WUE (mixture of five-a and rye
ranked high, crimson clover ranked low, and mixture of crimson clover and rye, mixture
of five-b, and mixture of oat and radish ranked as intermediate) was similar to the
rankings in biomass production. As the cover crops did not differ in terms of water use,
the differences among them in terms of WUE (biomass/water use) may be the result of
differences in biomass production. Our results indicated that with the same amount of
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water, mixture of five-a and rye produced more biomass than crimson clover, mixture of
crimson clover and turnip, mixture of oat and radish, mixture of rye and crimson clover,
and/or mixture of five-b in the upstate of South Carolina. Farmers in our region grow
cover crops primarily for biomass production for ground cover and erosion control.
Therefore, the increased WUE of mixture of five-a and rye along with their high biomass
production would be an added advantage of these cover crops in South Carolina.
CONCLUSIONS
The present research evaluated biomass production, soil moisture retention, and
WUE of single species and multi-species cover crops in South Carolina. Overall, mixture
of Austrian winter pea, rye, crimson clover, hairy vetch, and oats (mixture of five-a) and
single species of rye were the best, single species of crimson clover was the worst, and
mixture of crimson clover and rye, mixture of oats, wheat, crimson clover, radish, and
turnip (mixture of five-b), and mixture of oat and radish were the intermediate type of
cover crops based on the parameters evaluated in this study. None of the cover crops
depleted soil moisture greater than the fallow treatments: fallow maintained as weed-free
through herbicide application and a weedy fallow (no herbicide application). Our results
do not support the farmer concern, whether cover crop water use reduces available soil
moisture for the subsequent cash crop that may cause water stress to that crop, more than
what a fallow does. Rye performed equally well as mixture of five-a in terms of biomass
production, soil moisture retention, and WUE. However, since the mixture of five-a is a
combination of grass and legume functional groups, it could be superior when soil health
benefits are also considered. Therefore, future studies are warranted to evaluate the effect
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of our single species and multispecies (grass, legume, and/or brassica combinations)
cover crops on soil health. The additional planning, labor, and cost that may be associated
with dealing with a mixture should also be considered before choosing it for any cropping
systems. As cover crop performance is highly influenced by climate and soil conditions
prevalent in the region and type of species used, caution should be taken to utilize the
results from the present study, which was conducted in the humid subtropical region of
South Carolina, in any other regions.
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Table 2.1. Cover crop treatments, crops that were components of each treatment, their functional groups, seeding rate, and fractional
compositions.
Treatment

Crop

Species

Seeding rate Fractional
(Kg ha-1 )
composition†
(%)

Functional
group

Single species
Single species-a

Cereal rye

Secale cereale L. cv. Wrens Abruzzi

112.1

100

Grass

Single species-b

Crimson clover

Trifolium incarnatum L. cv. Dixie

33.6

100

Legume

Mixture of two species
Mixture of two-a
Mixture of two-b

Mixture of two-c

Rye

Secale cereale L. cv. Wrens Abruzzi

56

77

Grass

Crimson clover

Trifolium incarnatum L. cv. Dixie

16.8

23

Legume

Crimson clover

Trifolium incarnatum L. cv. Dixie

16.8

75

Legume

Turnip

5.6

25

Brassica

Oat

Brassica rapa ssp. rapa. cv. Purple top
white globe
Avena sativa L. cv. Coker 227

56

83

Grass

Radish (Daikon)

Raphanus sativus var. Longipinnatus

11.2

17

Brassica

Mixture of five species
Mixture of five-a

Austrian winter
pea
Rye

Pisum sativum L. ssp. sativum var.
arvense
Secale cereale L. cv. Wrens Abruzzi

26.9

31

Legume

22.4

25

Grass

Crimson clover

Trifolium incarnatum L. cv. Dixie

6.7

8

Legume

Hairy vetch

Vicia villosa Roth cv. Namoi

8.9

10

Legume

64

Mixture of five-b

†

Oat

Avena sativa L. cv. Coker 227

22.4

26

Grass

Oat

Avena sativa L. cv. Coker 227

22.4

38

Grass

Wheat

Triticum aestivum L. cv. Georgia. gore

22.4

38

Grass

Crimson clover

Trifolium incarnatum L. cv. Dixie

6.7

12

Legume

Radish (Daikon)

Raphanus sativus var. Longipinnatus

4.5

8

Brassica

Turnip

Brassica rapa ssp. rapa. cv. Purple top
white globe

2.24

4

Brassica

Fractional composition of component-a in a mixture = (seeding rate of component-a in the mixture / sum of seeding rates of all

components in the mixture) x 100
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Table 2.2. Analysis of variance results on the effects of treatments (seven cover crops and two
types of fallow controls), depths at which soil moisture content was measured, and treatment-bydepth interaction on biomass, soil moisture content and/or water use efficiency.
Trait
Biomass

DAP†

83
111
137
162
Soil moisture content 74
83
97
111
130
137
162
267
Water use efficiency 111
137
162
Biomass

‡

§

Treatment
Depth
Season-1 (2016-2017)
<.0001
N/A
<.0001
N/A
<.0001
N/A
<.0001
N/A
0.6962
<.0001
0.7373
<.0001
0.7544
<.0001
0.9333
<.0001
0.8792
<.0001
0.9980
<.0001
0.8066
<.0001
0.0002
<.0001
0.0097
N/A
0.0010
N/A
0.0450
N/A
Season-2 (2018)
<.0001
N/A
0.0018
N/A
<.0001
N/A
<.0001
N/A
0.0446
<.0001
0.2724
<.0001
0.1244
<.0001
0.1311
<.0001
0.2231
<.0001
0.5237
<.0001
0.1627
<.0001
0.2461
N/A
0.0014
N/A
0.0015
N/A

P values

Treatment x Depth
N/A
N/A
N/A
N/A
0.3775
0.3419
0.3295
0.3402
0.1624
0.3409
0.4923
0.7618
N/A
N/A
N/A

63
N/A
97
N/A
105
N/A
130
N/A
Soil moisture content 39
0.9488
63
0.9574
76
0.9933
96
0.9757
105
0.9735
130
0.9678
167
0.9981
Water use efficiency 96
N/A
105
N/A
130
N/A
†
Days After Planting
‡
Seven cover crop treatments [rye, crimson clover, mixture of crimson clover and turnip,
mixture of oat and radish, mixture of rye and crimson clover, mixture of Austrian winter pea,
rye, crimson clover, hairy vetch, and oat (mixture of five-a), and mixture of oat, wheat, crimson
clover, radish, and turnip (mixture of five-b] and two control treatments (Fallow with herbicide
application and without herbicide application)
§
Soil moisture content was measured at 10, 20, 30, 40, 60, and 100 cm depths
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Figure 2.1 Daily maximum (Tmax) and minimum (Tmin) temperatures from planting [8 November
2016 in season-1 and 26 January 2018 in season-2] through the last day of soil moisture content
measurement [02 Aug. 2017 (267 DAP) in season-1 and 11 July 2018 (166 DAP) in season-2].
Temperature data were obtained from the South Carolina State Climatology Office, a division
within the South Carolina Department of Natural Resources.

67

160

180

10

Season 1 (2016-2017)

Season 2 (2018)

Precipitation (cm)

8

6

4

2

0

0

50

100

150

200

250

0

20

40

60

80

100

120

140

Days after planting

Figure 2.2 Daily precipitation values from planting [8 Nov. 2016 in season-1 and 26 Jan. 2018 in
season-2] through the last day of soil moisture content measurement [02 Aug. 2017 (267 DAP)
in season-1 and 11 July 2018 (166 DAP) in season-2]. Precipitation data were obtained from the
South Carolina State Climatology Office, a division within the South Carolina Department of
Natural Resources.
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Figure 2.3 Cover crop plant populations measured during vegetative stages in season-1 (20162017) (a&c) and season-2 (2018) (b&d). Mixture of five-a is a combination of Austrian winter
pea, rye, crimson clover, hairy vetch, and oat. Mixture of five-b is a combination of oat, wheat,
crimson clover, radish, and turnip. All cover crops were planted on 08 Nov. 2016 in season-1 and
26 Jan. 2018 in season-2. Cover crops were at vegetative stage on both measurement dates in
both seasons.
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Figure 2.4 Cover crop biomass production on various measurement dates in season-1 (20162017) (a,c,e,&g) and season-2 (2018) (b,d,f,&h). Mixture of five-a is a combination of Austrian
winter pea, rye, crimson clover, hairy vetch, and oat. Mixture of five-b is a combination of oat,
wheat, crimson clover, radish, and turnip. All cover crops were planted on 08 Nov. 2016 in
season-1 and 26 Jan. 2018 in season-2. In season-1, all cover crops were at vegetative stage on
83 DAP (30 Jan. 2017) and 111 DAP (27 Feb. 2017); rye, wheat, crimson clover, radish,
Austrian winter pea, and hairy vetch reached flowering stage by 137 DAP (25 Mar. 2017); and
rye reached ripening stage, oat and wheat reached flowering stage, and Austrian winter pea
reached early pod stage (R3) by 162 DAP (19 Apr. 2017). In season-2, all cover crops were at
vegetative stage on 63 DAP (29 Mar. 2018), radish reached the flowering stage and all other
cover crops were in the vegetative stage by 97 DAP (02 May 2018), crimson clover and hairy
vetch reached the flowering stage by 105 DAP (10 May 2018), and rye, wheat, and oat reached
the flowering stage and Austrian winter pea reached the early pod stage (R3) by 130 DAP (04
June 2018). All cover crops were terminated by herbicide application at 230 DAP (26 June 2017)
in season-1 and 132 DAP (06 June 2018) in season-2.
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Figure 2.5 Total stored soil moisture in 1 m depth under each of the seven cover crop treatments
and two control treatments [Fallow with herbicide application (control-1) and without herbicide
application (control-2)] on multiple measurement dates in season-1 (2016-2017) (a,b,d,f,h,j,l,&n)
and season-2 (2018) (c,e,g,i,k,m,&o). Mixture of five-a is a combination of Austrian winter pea,
rye, crimson clover, hairy vetch, and oat. Mixture of five-b is a combination of oat, wheat,
crimson clover, radish, and turnip. All cover crops were planted on 08 Nov. 2016 in season-1 and
26 Jan. 2018 in season-2. In season-1, all cover crops were at vegetative stage until 111 DAP (27
Feb. 2017). In season-2, all cover crops except radish were at vegetative stage until 96 DAP (01
May 2018). Radish flowered by 76 DAP (11 Apr. 2018) in season-2. All cover crops were
terminated by herbicide application at 230 DAP (26 June 2017) in season-1 and 132 DAP (06
June 2018) in season-2. Eleven days after termination, cover crop stubbles were chopped by a
rotary cutter, and 31 days after termination, soybean was planted in season-1. Thus, the last soil
moisture content measurement (DAP 267) was done 6 days after soybean planting in season-1.
No cash crop was planted after cover crop termination in season-2.
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Figure 2.6 Water use efficiency values of seven cover crop treatments measured in season-1
(2016-2017) and season-2 (2018). Mixture of five-a is a combination of Austrian winter pea, rye,
crimson clover, hairy vetch, and oat. Mixture of five-b is a combination of oat, wheat, crimson
clover, radish, and turnip. In season-1, all cover crops were at vegetative stage on 111 DAP, rye,
wheat, crimson clover, radish, Austrian winter pea, and hairy vetch reached flowering stage by
137 DAP, and rye reached ripening stage, oat and wheat reached flowering stage, and Austrian
winter pea reached early pod stage (R3) by 162 DAP. In season-2, radish reached the flowering
stage and all other cover crops were in the vegetative stage by 96 DAP, crimson clover and hairy
vetch reached the flowering stage by 105 DAP, and rye, wheat, and oat reached the flowering
stage and Austrian winter pea reached the early pod stage (R3) by 130 DAP.
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FUTURE RESEARCH
In the context of climate change, where weather variations are being observed yearly, two
growing seasons appear to be insufficient to fully document the effects of our cover-crop
treatments on soil moisture retention, water use efficiency, biomass production, and ground
cover. Therefore, it is important that we continue our study for another two years to have longer
term data of the same parameters in order to make recommendations for cover crop adoption in
the farming system.
Many farmers are aware that modern agricultural practices have degraded the physical,
chemical, and biological properties of SC soils. They are looking for alternative practices that are
efficient in terms of cost and labor and that do not heavily rely on synthetic fertilizers and plant
protection chemicals to support and sustain agricultural productivity. Our current research
demonstrates the potential of some cover crops for soil water retention. Further research is
required to determine if these cover crops can also improve soil health (e.g., soil nutrient content
and soil biological activity) and weed management that enhance the overall farming system
profitability and sustainability.
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